Viscous potential flow analysis of magnetohydrodynamic capillary instability with heat and mass transfer  by Tiwari, D.K. et al.
Ain Shams Engineering Journal (2015) 6, 1113–1120Ain Shams University
Ain Shams Engineering Journal
www.elsevier.com/locate/asej
www.sciencedirect.comENGINEERING PHYSICS AND MATHEMATICSViscous potential ﬂow analysis of
magnetohydrodynamic capillary instability
with heat and mass transfer* Corresponding author. Tel.: +91 1332 285157.
E-mail addresses: deep1dma@gmail.com (D.K. Tiwari), mukeshiitr.
kumar@gmail.com (M.K. Awasthi), gsa45fma@gmail.com
(G.S. Agrawal).
Peer review under responsibility of Ain Shams University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.asej.2015.02.004
2090-4479  2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).D.K. Tiwari a, Mukesh Kumar Awasthi b,*, G.S. Agrawal ca Department of Mathematics, Government P.G. College, Pithoragarh, India
b Department of Mathematics, University of Petroleum and Energy Studies, Dehradun, India
c Institute of Computer Application, Manglayatan University, Aligarh, IndiaReceived 20 September 2014; revised 22 January 2015; accepted 3 February 2015
Available online 2 April 2015KEYWORDS
Capillary instability;
Viscous potential ﬂow;
Heat and mass transfer;
Axial magnetic ﬁeld;
Fluid–ﬂuid interfaceAbstract A linear analysis of capillary instability of a cylindrical interface in the presence of axial
magnetic ﬁeld has been carried out when there is heat and mass transfer across the interface. Both
ﬂuids are taken as incompressible, viscous and magnetic with different kinematic viscosities and dif-
ferent magnetic permeabilities. Viscous potential ﬂow theory is used for the investigation and a dis-
persion relation that accounts for the growth of axisymmetric waves is derived. Stability criterion is
given by critical value of applied magnetic ﬁeld as well as critical wave number and stability is dis-
cussed theoretically as well as numerically. Various graphs are drawn showing the effect of various
physical parameters such as magnetic ﬁeld strength, heat transfer capillary number, and permeabil-
ity ratio, on the stability of the system. It has been observed that the axial magnetic ﬁeld and heat
and mass transfer both have stabilizing effect on the stability of the system.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Capillary instability arises when a liquid cylinder in an inﬁnite
ﬂuid collapses under the action of capillary forces due to sur-
face tension [1,2]. The capillary instability occurs in various sit-
uations such as ﬁlm boiling, Breaking of liquid jet and in many
Chemical and Metallurgical processes. Plateau [3] studied the
axisymmetric disturbances of capillary instability and observed
that a long cylinder of liquid is unstable to the axisymmetric
disturbances with wavelengths greater than 2pR. Rayleigh [4]
considered the stability of viscous liquid under capillary forces
but he neglected the effect of surrounding ﬂuid. Weber [5]
1114 D.K. Tiwari et al.studied the stability of a laminar jet considering the effect of
viscosity and the surrounding air and concluded that the vis-
cosity does not change the cut-off wave number predicated
by the inviscid theory. Tomotica [6] considered the stability
of a long cylindrical column of viscous liquid in the viscous
ﬂuid.
Magnetohydrodynamics is concerned with the ways in
which magnetic ﬁelds can affect the ﬂuid behavior. The stabil-
ity of liquid jet of ﬁnite electrical conductivity in uniform axial
magnetic ﬁeld was studied by Chandrasekhar [1] for axisym-
metric disturbances. He found that in the limit of inﬁnite con-
ductivity, the magnetic ﬁeld has the effect of increasing the
wavelength at which the capillary instability occurs.
Taktarov [7] analyzed the stability of a magnetic ﬂuid jet in
the presence of a uniform magnetic ﬂuid acting along the axis
of the jet and observed that as the magnetic ﬁeld is increased,
the instability region shifts toward the long waves. Radwan [8]
studied the effect of magnetic ﬁeld on the capillary stability of
inviscid ﬂuids and observed that the magnetic ﬁeld has stabiliz-
ing effect on the capillary instability. The instability of a com-
pressible annular cylindrical ﬂuid jet coaxial with a very dense
ﬂuid cylinder of negligible inertia endowed with surface ten-
sion and acting upon the electromagnetic force has been inves-
tigated by Radwan [9].
The study of heat and mass transfer across the interface is
very important in many situations such as boiling heat transfer
in chemical engineering and in geophysical problems. Hsieh
[10,11] has established the general formulation of Rayleigh–
Taylor instability and Kelvin–Helmholtz instability with heat
and mass transfer across the liquid vapor interface. Hsieh
[10] found that when the vapor layer is hotter than the liquid
layer, the effect of heat and mass transfer tends to inhibit the
growth of instability. Nayak and Chakraborty [12] formulated
the Kelvin–Helmholtz instability of the cylindrical interface
between the liquid and vapor phases with heat and mass
transfer.
Viscous potential ﬂow theory has played an important role
in studying various stability problems. Tangential stresses are
not considered in viscous potential theory and viscosity enters
through normal stress balance [13]. Funada and Joseph [14]
studied the viscous potential ﬂow analysis of capillary instabil-
ity and observed that viscous potential ﬂow is better approx-
imation of the exact solution than the inviscid model.
Funada and Joseph [15] extended their work of capillary insta-
bility for viscoelastic ﬂuids and observed that the growth rates
are larger for viscoelastic ﬂuids than for the equivalent
Newtonian ﬂuids. The viscous potential ﬂow analysis of
Kelvin–Helmholtz instability with heat and mass transfer in
plane geometry has been carried out by Asthana and
Agrawal [16]. They observed that the heat and mass transfer
has a stabilizing effect when the lower ﬂuid viscosity is high
and destabilizing effect when ﬂuid viscosity is low. Kim et al.
[17] investigated the capillary instability problem of vapor liq-
uid system in an annular conﬁguration with heat and mass
transfer using viscous potential ﬂow for axisymmetric distur-
bances. Awasthi and Agrawal [18] have studied the nonlinear
effects on the capillary instability in the presence of heat and
mass transfer and observed that heat and mass transfer phe-
nomenon has stabilizing effect on the stability of the system
in the nonlinear analysis.
The magnetohydrodynamic interfacial instability with heat
and mass transfer is of fundamental importance in number ofapplications such as design of many types of contacting equip-
ment, e.g., boilers, condensers, reactors, and others industrial
and environmental processes. The capillary instability with
heat and mass transfer in a magnetic ﬁeld occurs in many prac-
tical applications such as electronic magnetic ink jet printer
and ﬂuid jet ampliﬁer. Elhefnawy and Radwan [19] studied
the stability of magnetic inviscid ﬂuids in cylindrical geometry
with heat and mass transfer across the interface. Elhefnawy
[20] analyzed the stability of the magnetic ﬂuids of cylindrical
interface with heat and mass transfer and periodic radial ﬁeld.
Bubble formation in superposed magnetic ﬂuids in the pres-
ence of heat and mass transfer has been studied by Gill et al.
[21]. Lee [22] considered the nonlinear stability of magnetic ﬂu-
ids with heat and mass transfer and showed that nonlinearity
increases the region of stability with heat and mass transfer.
Sirwah [23] applied viscous potential ﬂow theory to study
the Kelvin–Helmholtz instability in the presence of tangential
magnetic ﬁeld and observed that the tangential magnetic ﬁeld
plays a stabilizing role in the stability analysis. Sirwah [24]
investigated the nonlinear stability analysis of magnetic ﬂuids
in the presence of constant normal magnetic ﬁeld and observed
that normal magnetic ﬁeld has destabilizing effect on the sta-
bility of the system. Awasthi and Agrawal [25] have studied
the effect of irrotational shearing stresses on the magnetohy-
drodynamic Kelvin–Helmholtz instability and observed that
irrotational shearing stress and tangential magnetic ﬁeld both
have stabilizing effect.
Awasthi [26] studies the effect of axial electric ﬁeld on the
capillary instability in the presence of heat and mass transfer
and observed that axial electric ﬁeld decays the amplitudes
of disturbance waves. The effect of electric ﬁeld on the capil-
lary instability in the porous media is considered by Awasthi
[27] and found that medium porosity destabilize the interface.
The objective of the present work was to study the effect of
axial magnetic ﬁeld on the capillary instability of cylindrical
interface when there is heat and mass transfer across the inter-
face. Both the ﬂuids are taken as incompressible, viscous and
magnetic with different kinematic viscosities and permeabili-
ties, which have not been considered earlier. A dispersion rela-
tion is derived and stability is discussed theoretically and
numerically. The critical values of magnetic ﬁeld and wave
number are obtained. The system is unstable when the mag-
netic ﬁeld is less than the critical value of magnetic ﬁeld, other-
wise it is stable. The effect of ratio of magnetic permeability
e ¼ e1e2 on growth rates is observed. Various neutral curves have
been drawn to show the effect of various physical parameters
such as magnetic ﬁeld, Ohnesorge number, heat transfer capil-
lary number, and kinematic viscosities, on the stability of the
system.2. Methodology
2.1. Problem Formulation
A system of two incompressible, viscous and magnetic ﬂuids,
separated by a cylindrical interface, is considered in an annular
conﬁguration as shown in Fig. 1. A cylindrical system of coor-
dinates ðr; h; zÞ is assumed so that in the equilibrium state
z-axis is the axis of symmetry of the system. The undisturbed
cylindrical interface is taken at radius R. In the formulation
the subscripts 1 and 2 denote variables associated with the ﬂuid
Fig. 1 The equilibrium conﬁguration of the ﬂuid system.
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turbed state, viscous ﬂuid of thickness h1, density q1, viscosity
l1 and magnetic permeability e1 occupies the inner region
R1 < r < R and viscous ﬂuid of thickness h2, density q2, viscos-
ity l2 and magnetic permeability e2 occupies the outer region
R < r < R2. The bounding surfaces r ¼ R1 and r ¼ R2 are con-
sidered to be rigid. The temperatures at r ¼ R1; r ¼ R and
r ¼ R2, are T1;T0 and T2, respectively. Both ﬂuids are assumed
to be incompressible and irrotational.
Small axisymmetric disturbances are superimposed to the
basic state of rest. After disturbance, the interface is given by
Fðr; z; tÞ ¼ r R gðz; tÞ ¼ 0 ð1Þ
where g is the perturbation in the radius of the interface from
the equilibrium value R, and for which the outward unit nor-
mal vector is given by
n ¼ rFrFj j ¼ 1þ
@g
@z
 2( )1=2
er  @g
@ z
ez
 
ð2Þ
where er and ez are unit vectors along the r and z directions,
respectively.
The velocity is expressed as the gradient of the potential
function /ðr; z; tÞ and the potential functions satisfy Laplace
equation as a consequence of the incompressibility constraint.
i.e.
r2/j ¼ 0 for ðj ¼ 1; 2Þ ð3Þ
where
r2 ¼ @
2
@r2
þ 1
r
@
@r
þ @
2
@z2
The two ﬂuids are subjected to external magnetic ﬁeld H0
along z-axis
i:e: Hj ¼ H0ez for ðj ¼ 1; 2Þ ð4Þ
It is assumed that quasi static approximation is valid for the
problem; hence the magnetic ﬁeld can be derived from mag-
netic scalar potential function wðr; z; tÞ such that
Hj ¼ H0ez rwj for ðj ¼ 1; 2Þ ð5Þ
Gauss’s law requires that the magnetic potential function also
satisﬁes Laplace equation i.e.
r2wj ¼ 0 ðj ¼ 1; 2Þ ð6Þ2.2. Boundary conditions
The boundary conditions at the rigid cylindrical surfaces
r ¼ R1 and r ¼ R2 are given by@/j
@r
¼ 0 at r ¼ Rj ðj ¼ 1; 2Þ ð7Þ
@wj
@z
¼ 0 at r ¼ Rj ðj ¼ 1; 2Þ ð8Þ
It is assumed that phase-change takes place locally in such a
way the net phase-change rate at the interface is equal to zero.
The interfacial condition, which expresses the conservation of
mass across the interface, is given by the equation (Hsieh [10])
q
@F
@t
þr/  rF
   
¼ 0 at r ¼ Rþ g ð9Þ
where X½ ½  represents the difference in a quantity across the
interface, it is deﬁned as X½ ½  ¼ X1  X2
The tangential component of the magnetic ﬁeld must be
continuous across the interface i.e.
Ht½ ½  ¼ 0 ð10Þ
where Htð¼ nHj jÞ is the tangential component of the mag-
netic ﬁeld.
Since no free charge is present at the interface, the normal
component of magnetic induction must be continuous at the
interface which requires;
eHn½ ½  ¼ 0 ð11Þ
where Hnð¼ n HÞ is the normal component of the magnetic
ﬁeld.
The interfacial condition for energy transfer proposed by
Hsieh [10] is expressed as
Lq1
@F
@t
þr/1  rF
 
¼ S gð Þ at r ¼ Rþ g ð12Þ
where L is the latent heat released during phase trans-
formation. SðgÞ constitute net heat ﬂux from the interface.
In deriving Eq. (11), Hsieh [10] assumed that the amount of
latent heat released depends mainly on the instantaneous posi-
tion of the interface.
In the equilibrium state, the heat ﬂuxes in positive radial
direction in the ﬂuid phase 1 and phase 2 are
K1 T1  T0ð Þ=R ln R1=Rð Þ and K2 T0  T2ð Þ=R ln R=R2ð Þ,
respectively where K1;K2 denote heat conductivities of the
two ﬂuids. The expression for SðgÞ is expressed as
S gð Þ ¼ K2 T0  T2ð Þ
Rþ gð Þ lnR2  ln Rþ gð Þ½ 
 K1 T1  T0ð Þ
Rþ gð Þ ln Rþ gð Þ  lnR1½  ð13Þ
Expanding SðgÞ about g ¼ 0 as
S gð Þ ¼ S 0ð Þ þ gS0 0ð Þ þ 1
2
g2S00 0ð Þ þ 1
6
g3S000 0ð Þ þ    ð14Þ
The basic state heat ﬂux that is conducted from inside liquid to
the interface is assumed equal to heat conducted from the
interface into outside liquid.
Hence Sð0Þ ¼ 0, from Eq. (12), we get
K2 T0  T2ð Þ
R ln R2=Rð Þ ¼
K1 T1  T0ð Þ
R ln R=R1ð Þ ¼ GðsayÞ ð15Þ
Hence in the equilibrium state heat ﬂuxes across the interfaces
are equal.
Interfacial condition for conservation of momentum can be
written as
1116 D.K. Tiwari et al.q1 r/1 rFð Þ
@F
@t
þr/1 rF
 
¼q2 r/2 rFð Þ
@F
@t
þr/2 rF
 
þ p2p1þ2 ln  n rð Þr/f g½ ½ ð
þ1
2
e H2nH2t
  	 	þrrn rFj j2 ð16Þ
where pjðj ¼ 1; 2Þ are the irrotational pressure for inside and
outside ﬂuid, respectively and r denotes the surface tension.
Surface tension has been assumed to be a constant, neglecting
its dependence on temperature. Pressure can be obtained using
Bernoulli’s equation.
2.3. Linearization and normal mode analysis
It has been observed that the asymmetric disturbances are
always stable for capillary instability. A long cylinder of liquid
is unstable to the axisymmetric disturbances with wavelengths
greater than 2pR, where R is the radius of the cylinder. Hence,
we considered only axisymmetric disturbances in this analysis.
For linearization, ﬁrst we have expanded the Eqs. 9, 10, 11,
12 and (16) using Eq. (1) for F and the variables g and /j
appearing in the equations are expressed in Maclaurin series
around r ¼ R. Now, axisymmetric disturbances are imposed
on these equations and retaining the linear terms, we can get
the following equations.
q
@/
@ r
 @g
@ t
   
¼ 0 ð17Þ
@w
@ z
  
¼ 0 ð18Þ
e
@w
@ r
þH0 @g
@ z
   
¼ 0 ð19Þ
q1
@/1
@ r
 @g
@ t
  
¼ ag ð20Þ
q
@/
@ t
þ eH0 @w
@ z
þ 2l @
2/
@ r2
  
 r g
R2
þ @
2g
@ z2
 
¼ 0 ð21Þ
where Eq. (20) is obtained using Eqs. (13)–(15) with Eq. (12)
and
a ¼ G
LR
lnðR2=R1Þ
lnðR=R1Þ lnðR2=RÞ
Now the normal mode technique has been used to ﬁnd the
solution of the governing equations. Let the interface elevation
be represented by
g ¼ A e i ðk zx tÞ þ c:c ð22Þ
where A is constant, k denotes the real wave number, x repre-
sents the growth rate and c:c. refers the complex conjugate of
the preceding term.
On solving Eqs. (3) and (6) with the help of boundary con-
ditions, we get
/j ¼ 
a
qj
þ ix
 
I0ðkrÞK00ðkRjÞ  I00ðkRjÞK0ðkrÞ
DjðkÞ
 
Ae i ðk zx tÞ þ c:c:; ðj ¼ 1; 2Þ ð23Þ
w 1 ¼
i k ðe2  e1ÞH0 g2ðkÞ
e1g2ðkÞG1ðkÞ  e2g1ðkÞG2ðkÞ
I0ðkrÞK0ðkR 1Þ½
 I0ðkR1ÞK0ðkrÞAe i ðk zx tÞ þ c:c: ð24Þ
w2 ¼
i k ðe2  e1ÞH0 g1ðkÞ
e1g2ðkÞG1ðkÞ  e2g1ðkÞG2ðkÞ
I0ðkrÞK0ðkR 2Þ½
 I0ðkR 2ÞK0ðkrÞAe i ðk zx tÞ þ c:c: ð25Þwhere
DjðkÞ ¼ I00ðkRjÞK00ðkRÞ  I00ðkRÞK00ðkRjÞ;
gjðkÞ ¼ I0ðkRjÞK0ðkRÞ  I0ðkRÞK0ðkRjÞ;
GjðkÞ ¼ I00ðkRÞK0ðkRjÞ  I0ðkRjÞK00ðkRÞ; j ¼ 1; 2:
and symbols I0 and K0 are modiﬁed Bessel functions of ﬁrst
and second kind, respectively and prime on modiﬁed Bessel
functions denotes the differentiation with respect to r when
r ¼ R;R1 and R2.
2.4. Dispersion relation
Substituting the values of g;/1;/2;w1 and w2 in Eq. (21), we
get the dispersion relation
D x; kð Þ ¼ a0x2 þ i a1x a2 ¼ 0 ð26Þ
where
a0 ¼ q1M1ðkÞ
D1ðkÞ 
q2M2ðkÞ
D2ðkÞ
a1 ¼ a M1ðkÞ
D1ðkÞ 
M2ðkÞ
D2ðkÞ
 
þ 2l1N1ðkÞ
D1ðkÞ 
2l2N2ðkÞ
D2ðkÞ
a2 ¼ 2al1q1
N1ðkÞ
D1ðkÞ 
2al2
q2
N2ðkÞ
D2ðkÞ þ
T
R2
ðk2R2  1Þ
 k
2H20g1ðkÞg2ðkÞðe1  e2Þ2
e1g2ðkÞG1ðkÞ  e2g1ðkÞG2ðkÞ
Mj ¼ I00ðkRjÞK0ðkRÞ  I0ðkRÞK00ðkRjÞ
Nj ¼ I00ðkRjÞK000ðkRÞ  I000ðkRÞK00ðkRjÞ
After using the transformation x ¼ ix0, the dispersion relation
is obtained in growth rate i.e.
a0x
2
0 þ a1x0 þ a2 ¼ 0 ð27Þ
Neutral curves are obtained by putting x0ðkÞ ¼ 0. Eq. (27)
reduces to a2 ¼ 0, which in turn implies that
2al2
q2
N2ðkcÞ
D2ðkcÞ 
2al1
q1
N1ðkcÞ
D1ðkcÞ 
T
R2
ðk2cR2  1Þ
¼ k
2
cðH0Þ2cg1ðkcÞg2ðkcÞðe1  e2Þ2
e2g1ðkÞG2ðkÞ  e1g2ðkÞG1ðkÞ
ð28Þ
where kc is the critical wave number.
For H0 ¼ 0, Eq. (27) is reduced to dispersion relation as
obtained by Kim et al. [17]. In Eq. (27) putting
l1 ¼ 0; l2 ¼ 0 dispersion relation of Elhefnawy and Radwan
[19] can be obtained. Choosing l1 ¼ 0; l2 ¼ 0; a ¼ 0;
R1 ! 0;R2 !1, and H0 ¼ 0, the dispersion relation (27)
reduces to form x20 ¼ Tð1x
2Þ
R3
xI1ðxÞK1ðxÞ
q1I0ðxÞK1ðxÞþq2I1ðxÞK0ðxÞ
h i
using the
results I00ðxÞ¼I1ðxÞ;K00ðxÞ¼K1ðxÞ;x¼kR;limR1!0K00ðkR1Þ!
1; limR2!1I00ðkR2Þ!1. Here the condition for stability is
x>1, which is well known Rayleigh criteria for a cylindrical
jet.
2.5. Dimensionless form of dispersion relation
Introducing dimensionless variables
r^ ¼ r=h; z^ ¼ z=h; g^ ¼ g=h; t^ ¼ t=s; x^0 ¼ x0s; k^ ¼ kh;
h^ ¼ h1=h; R^ ¼ R^1 þ h^; H^2 ¼ e2H
2
0h
T
;
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Fig. 3 Neutral curve kc vs. h for different values of H for
Ca ¼ 0:3.
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h ¼ R2  R1; s ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2h
3=T
q
Also q¼ q1q2 ;l¼
l1
l2
;j¼ t1t2 ;t1 ¼
l1
q1
; t2 ¼ l2q2 ; e¼
e1
e2
;Oh¼
ﬃﬃﬃﬃﬃﬃﬃ
q2rh
p
l2
;
Ca¼ aq2=s :
where Oh denotes the Ohnesorge number, Ca represents the
heat transfer capillary number, h^ is the inner ﬂuid fraction and
j denotes the kinematic viscosity ratio.
Eliminating the ‘^’ on the dimensionless variables for brev-
ity, the dimensionless form of (27) is
q
M1ðkÞ
D1ðkÞ 
M2ðkÞ
D2ðkÞ
 
h
 
x20
þ Ca M1ðkÞ
D1ðkÞ 
M2ðkÞ
D2ðkÞ
 
hþ 2 lN1ðkÞ
D1ðkÞ 
N2ðkÞ
D2ðkÞ
 
h
Oh
 
x0
þ 2Ca jN1ðkÞ
D1ðkÞ 
N2ðkÞ
D2ðkÞ
 
h
Oh
þ h
R2
ðk2R2  1Þ

þ k
2hH20g1ðkÞg2ðkÞðe 1Þ2
g1ðkÞG2ðkÞ  eg2ðkÞG1ðkÞ
#
¼ 0 ð29Þ
The expression for neutral curves becomes
2Ca
N2ðkcÞ
D2ðkcÞ  j
N1ðkcÞ
D1ðkcÞ
 
1
Oh
 1
R2
ðk2cR2  1Þ
¼ k
2
cH
2
cg1ðkcÞg2ðkcÞðe 1Þ2
g1ðkcÞG2ðkcÞ  eg2ðkcÞG1ðkcÞ
ð30Þ
Applying Routh Hurwitz criterion, it is concluded that the sys-
tem is stable for HP Hc and unstable for H < Hc. From Eq.
(29) we can get the value of maximum growth rate ðx0Þm and
corresponding wave number km while the critical wave number
kc can be obtained using Eq. (30).
3. Results and discussions
In this section the numerical computation has been carried out
using the expressions presented in the previous section for a
ﬁlm boiling condition. We have used Newton–Raphson itera-
tive method to ﬁnd the critical wave number kc. Steam and;
Ca
Fig. 4 Neutral curve kc vs. Ca for different values of H for
h ¼ 0:1.
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U
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Fig. 2 Neutral curve kc vs. j for different values of Ca for H ¼ 5
at h ¼ 0:1.water have been taken as working ﬂuids identiﬁed with phase
1 and phase 2, respectively, such that T1 > T0 > T2. In ﬁlm
boiling, the water-steam interface is in saturation condition
and the temperature T0 is equal to the saturation temperature.
Following parametric values have been taken.
q1 ¼ 0:0012 gm=cm3; q2 ¼ 1:0 gm=cm3; l1 ¼ 0:00018 poise
l2 ¼ 0:01 poise; r ¼ 60:0 dyne=cm:
The diameters of the inner and outer cylinders are taken as
1 cm and 2 cm, respectively. The value of magnetic permeabil-
ity ratio e is taken as 0.5 in general for numerical calculation.
At the interface, phase change is taking place. Neutral curves
divide the plane into a stable region denoted by S (above the
curve) and an unstable region denoted by U (below the curve).
In the following the effect of various physical parameters on
the onset of instability is interpreted through various Figures.
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Fig. 5 Neutral curve Hc vs. kc for different values of Ca at
h ¼ 0:1.
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Fig. 6 Neutral curve Hc vs. kc for different values of j at
Ca ¼ 0:1; h ¼ 0:1.
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Fig. 7 Neutral curve kc vs. e for different values of H at
Ca ¼ 0:1; h ¼ 0:1.
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Fig. 8 Neutral curve Hc vs. kc for different values of Oh at
Ca ¼ 0:1; h ¼ 0:1.
1118 D.K. Tiwari et al.Fig. 2 shows the neutral curves for the critical wave number
kc vs. kinematic viscosity ratio j for various values of heat
transfer capillary number Ca when magnetic ﬁeld H ¼ 5. It
has been observed that as Ca increases, the stable region
(upper region) grows. Therefore, Ca has a stabilizing effect
on the stability of the system. Kim et al. [17] have also
observed that the heat and mass transfer phenomenon has
stabilizing effect in the absence of magnetic ﬁeld and therefore,
magnetic ﬁeld does not affect the behavior of magnetic ﬁeld.
The effect of heat and mass transfer on the stability of the sys-
tem can be explained in terms of local evaporation and con-
densation at the interface. At a perturbed interface, crests
are warmer because they are closer to the hotter boundary
on the vapor side, thus local evaporation takes place, whereas
troughs are cooler and thus condensation takes place. The liq-
uid is protruding to a hotter region and the evaporation willdiminish the growth of disturbance waves. The heat and mass
transfer phenomenon has again stabilizing effect on the stabil-
ity of the system even in the presence of magnetic ﬁeld and this
effect is enhanced in the presence of an axial magnetic ﬁeld.
For a ﬁxed value of vapor thickness h, on increasing Ca, the
critical wave number kc decreases and ﬁnally vanishes at
threshold Ca.
The neutral curves for critical wave number kc vs. h for
various values of magnetic ﬁeld strength H at Ca ¼ 0:3 have
been shown in Fig. 3. It has been observed that for a ﬁxed
value of h and Ca, the critical wave number kc decreases on
increasing H. Therefore, it is concluded that H has stabilizing
effect. The concept of Lorentz force can elucidate the physical
mechanism of this phenomenon. Lorentz force due to the per-
turbed velocity and applied magnetic ﬁeld has the effect of
pushing the ﬂuid streams and causing the stabilizing effect.
In Fig. 4, neutral curves of critical wave number kc vs. heat
transfer capillary number Ca have been shown for various
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Fig. 9 The growth rate x0 vs. k for H ¼ 0 for different values of
Ca at h ¼ 0:1.
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Fig. 10 The growth rate x0 vs. k for H ¼ 5 for different values
of Ca at h ¼ 0:1.
Viscous potential ﬂow analysis of magnetohydrodynamic capillary instability 1119values of magnetic ﬁeld H ¼ 0; 10; 20; 50; 100 at h ¼ 0:1 and
observed that magnetic ﬁeld has stabilizing effect. It is also
found that for every H, the threshold Ca remains same for
some ﬁxed value of h.
In Fig. 5, the neutral curves for the magnetic ﬁeld Hc vs. kc
have been plotted for various values of Ca at h ¼ 0:1. A critical
value of the magnetic ﬁeld has been obtained. If the magnetic
ﬁeld is less than this critical value, the system is unstable other-
wise it is stable. It has been observed that the stable region
increases on increasing the heat transfer coefﬁcient Ca and
hence it is concluded that Ca has stabilizing effect on the criti-
cal magnetic ﬁeld. Variation of neutral curves for magnetic
ﬁeld for different values of kinematic viscosity ratio of two ﬂu-
ids j have been shown in Fig. 6 for Ca ¼ 0:1 and h ¼ 0:1. It is
concluded that the critical wave number kc decreases with
increasing j. It is also found that for every H, the thresholdremains same for some ﬁxed value of Ca and h. As the kine-
matic viscosity ratio increases, the viscosity of the inside ﬂuid
increases and hence inner ﬂuid viscosity has stabilizing effect
on the stability of the system.
Variation of neutral curves of critical wave number kc vs.
magnetic permeability ratio e have been plotted in Fig. 7 for
various values of magnetic ﬁeld H ¼ 0:01; 5:0; 10:0; 20:0; 50:0
at Ca ¼ 5 and h ¼ 0:1. It has been observed that on increasing
e, the critical wave number kc ﬁrst increases, attains a maxi-
mum and then decreases for the same value of magnetic ﬁeld.
This concludes that ratio of magnetic permeability plays dual
role in the linear stability analysis.
The evolution of the neutral curves Hc vs. kc for different
values of Ohnesorge number has been shown in Fig. 8. It
has been observed that Ohnesorge number has destabilizing
effect on the stability of the system. Through increasing
Ohnesorge number, the viscosity of the outside ﬂuid will
decrease and less resistance to the ﬂuid ﬂow will take place.
Therefore, the ﬂow will become unstable.
In Figs. 9 and 10, the growth rate values have been com-
pared for H ¼ 0 and 5, for different values of heat transfer
capillary number Ca at h ¼ 0:1. It is observed that on increas-
ing Ca the growth rates decrease and growth rates in the pres-
ence of an axial magnetic ﬁeld decrease faster than the growth
rates in the absence of a magnetic ﬁeld. It shows that heat and
mass transfer has stabilizing effect on the stability of the sys-
tem and this effect is enhanced in the presence of magnetic
ﬁeld.
4. Conclusion
Viscous potential ﬂow analysis of capillary instability with
heat and mass transfer in the presence of an axial magnetic
ﬁeld has been carried out. The dispersion relation is obtained
which is a quadratic equation in growth rate. The stability con-
dition is obtained by applying Routh Hurwitz criterion for sta-
bility. A critical value of magnetic ﬁeld as well as critical wave
number is obtained. The system is unstable when the magnetic
ﬁeld is less than the critical value of magnetic ﬁeld, otherwise it
is stable. It is observed that the heat and mass transfer has
stabilizing effect on the stability of the system and this effect
is enhanced in the presence of a magnetic ﬁeld. The heat and
mass transfer completely stabilizes the interface against capil-
lary effects even in the presence of an magnetic ﬁeld. It is also
observed that the axial magnetic ﬁeld increases the stability of
the system with or without heat and mass transfer. It is found
that the ratio of magnetic permeability has dual effect on
growth of disturbance waves. The heat and mass transfer,
for inviscid ﬂuids, has no effect on the stability of the system,
while it has stabilizing effect on the stability for viscous ﬂuids.References
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